Abstract: Resident and circulating immune cells have been extensively studied due to their almost ubiquitous role in cell biology. Despite their classification under the "immune cell department", it is becoming increasingly clear that these cells are involved in many different non-immune related phenomena, including fetus development, vascular formation, memory, social behavior and many other phenotypes. There is a huge potential in combining high-throughput assays -including flow cytometry and gene analysis -with in vivo imaging. This can improve our knowledge in both basic and clinical cell biology, and accessing the expression of markers that are relevant in the context of both homeostasis and disease conditions might be instrumental. Here we describe how we generated a novel mouse strain that spontaneously express three different fluorescence markers under control of well-studied receptors (CX3CR1, CCR2 and CD11c) that are involved in a plethora of stages of cell ontogenesis, maturation, migration and behavior. Also, we assess the percentage of the expression and co-expression of each marker under homeostasis conditions, and how these cells behave when a local inflammation is induced in the liver applying a cutting-edge technology to image cells by confocal intravital microscopy.
INTRODUCTION
A brilliant Russian zoologist named Ilya Ilyich Mechnikov in 1892 described the phagocytes (in special macrophages and neutrophils), and since then, these cells have amazed diverse researches by their ability to rapidly respond to insults and also to seed or infiltrate in almost all body tissues. especially due to their fast moving capacity and mainly by their efficient role to engulf and destroy pathogens and foreign bodies, these cells have been extensively used in cell biology assays (Yipp et al. 2012 , David et al. 2016 . Interestingly, despite almost every single organ in the body has its own population of macrophages -which can actually be similar in morphology and shape between the organs -these cells have a sharp different function within the tissues. For example, while microglia are sessile and long living cells in the central nervous system and add to the maintenance of neuron homeostasis (Yona et al. 2013 , Parkhurst et al. 2013 , intestinal macrophages act as regulating cell to induce resistance to microorganisms, avoiding excess tissue damage and may be substituted during the life by infiltrating monocytes (Ginhoux and Jung 2014, Balmer et al. 2014) .
It is well known that during embryogenesis macrophage precursors migrate from the yolk sac in the initial phases of embryo development to seed fetal tissues, mainly the brain or the primordial liver (Davies et al. 2013 , geissmann et al. 2010 , ginhoux and Jung 2014 , gomez Perdiguero et al. 2015 , Yona et al. 2013 . A second wave of macrophage population happens when these liver monocytes migrate from the fetal liver to the different organs to give rise to a very heterogeneous population of resident macrophages. Despite their different function, the contribution rate of self-renewing versus the migration of circulation monocytes to maintain the pool of these cells is particular to every tissue. For example, while skin macrophages are almost 100% substituted by a ly6g hi circulating monocytic precursor during over the life, fetal liverderived hepatic macrophages (usually refereed as Kupffer cells (KC)), are mostly self-renewed cells, and a minor contribution of bone-marrow derived monocytes is expected to renew the resident pool in steady state (Faust et al. 2000 , Fogg et al. 2006 , ginhoux and Jung 2014 . Therefore, such complexities in the different ontogenesis make the studies of different populations in macrophages very difficult, and probably confusing. This clearly shows that to properly generate reliable data in macrophage biology field, it might be necessary to combine different methods in vivo and ex vivo. Several different cell subtypes, including dendritic cells, hepatic stellate cells (also known as Ito cells) and other leukocyte subtypes naturally inhabit the liver (Fig. 1) . The liver homes the largest population of macrophages in the body, and the major part of these cells inhabit the intraluminal space, and together with the liver sinusoidal cells, they comprise the largest reticulo-endothelial system in the body (Crispe 2009 ). Kupffer cells may have several functions in the hepatic homeostasis. Under normal conditions, they induce a tolerogenic milieu in the liver to avoid unwanted immune response due to gut-derived antigens, and also remove aged red-blood cells and foreign bodies out of the circulation. Notably, these cells have the amazing ability to arrest circulating bacteria (David et al. 2016 , Jenne and Kubes 2013 , Thomson and Knolle 2010 . The mechanisms involved in this particular "rapid catching behavior" under flow are still elusive, and hold interesting opportunity for future investigation.
Considering that the liver is interposed between the blood that arises form whole intestinal circulation (which is rich in bacterial products) and the systemic blood (which is free of pathogens in health), it is expected that liver reticulo-endothelial system exerts an infallible function in filtering the blood. This helps to avoid continuous hepatic inflammation and also bacterial spread within the body organs. Therefore, it is rational to postulate that diff erent cells with phagocytic behavior would be distributed within the liver compartments to properly perform this task. However, the diversity of these cells, combined with the limitations of the conventional histology and digestion procedures that are necessary to characterize these cells using fl ow cytometry, have limited our understanding of their actual location, shape and manly function in vivo. Fortunately, novel techniques have allowed the visualization of these cells in their original territory in living small rodents and other species (i.e. Drosophila melanogaster and Caenorhabditis elegans) (Arkhipov et al. 2016 , Karreman et al. 2016 ). This strategy is based in performing direct whole-organism imaging (in case of small species) or diff erent surgical approaches to expose organs in vivo and image cells using a microscope. The advent of faster acquisition devices with laser scanning confocal heads have hugely improved our tools to visualize these cells in vivo in solid organs as spleen and the liver (where conventional illumination using regular white light has imposed limitations in imaging quality over the years). Also the option to use multi-color acquisition setups made possible identifi cation of more complex populations in vivo, since several fluorescent receptors and markers can be superposed and distinct populations of phagocytes could be better characterized in their original location.
To enhance the available tools for these investigations, we selected three main cellular makers that are expressed in diff erent phagocytes: the integrin CD11c (that are expressed in almost all macrophages and dendritic cells) (lindquist et al. 2004) , and two chemokine receptors that are key in the macrophage location and behavior (CCR2 and CX3CR1) (Mizutani et al. 2012) to generate a novel mouse strain that express simultaneously these diff erent fl uorescent proteins. The spontaneously expression of these three reporters facilitate in vivo investigation of their spatial location, dynamics and function using fl ow cytometry and confocal intravital microscopy (David et al. 2016 , Marques et al. 2015 , McDonald et al. 2010 . Of note, since fl uorescent probes are precluded to reach some of these cells within tissues, "spontaneously staining" by self-expressing proteins is instrumental. Here, we also demonstrated -exploring a combination of fl ow cytometry and intravital studies -that the liver has a very intricate population of immune cells, that are heterogeneously distributed within the liver compartments and behave diff erentially in the steady state and when the liver was challenged with a local challenge. CD11c-eYFP) (Fig. 4c ).
MATERIALS AND METHODS

ANIMAlS
INTRAVITAl CONFOCAl MICROSCOPY
Confocal intravital imaging was performed as described (David et al. 2017 ). In brief a midline laparotomy was performed followed by removal of the skin and abdominal muscle along the costal margin to the mid-axillary line to expose the liver. Mice were placed in the right lateral position and a single liver lobe was exteriorized on the custommade Plexiglas microscope stage. All exposed tissues were moistened with saline-soaked tissue paper to prevent dehydration during imaging. For the duration of all experiments, body temperature was maintained with an infrared heat lamp, and the the signal from 566-578nm using the virtual filter function, and gFP-expressing cells were imaged using the same setup, but cells were excited with a 488nm laser and the signal was collected between a 488-506nm wavelength. Proper controls were made with only eYFP or gFP expressing tissues in order to calibrate our spectral separation protocol. Cell density, movies, location and 3D rendering were made using Volocity (6.3) Perkin elmer, USA. For movies, three different fields were simultaneously acquired using the motorized programing of the microscope stage, and during 3 consecutive hours, images from all channels were acquired with an interval of 1 minute between the frames. We chose to image using a 20x objective an area in the center of the thermal injury, an area adjacent to the injury and a distant area from de injury. All movies were made under the same microscope setup and edited offline using iMovie (Apple, USA).
lIVeR NON-PAReNCHYMAl CellS (lNPCS) ISOlATION
liver non-parenchymal cells were isolated as previously reported (David et al. 2017) . In brief, livers were digested in a collagenase solution and cells were differentially separated by centrifugation. Using an Accuri C6 cytometer (BD Biosciences), 1 x 10 6 cells were acquired using the following setup:
all cells were excited by a 488nm laser, and gFP cells were acquired in Fl1 channel loaded with a 510/15nm filter, YFP cells in FL2 channel using a 540/20nm filter and RFP cells were estimated using FL3 channel with a 610/20nm filter. Different gates for exclusion of cell debris, duplets and for estimation of the percentage of fluorescence expressing cells were made using FlowJo 10. All filters and reagents were a kind gift from BD Biosciences.
RESULTS
lIVeR HAS A lARge POPUlATION OF IMMUNe
CellS THAT CAN Be DeTeCTeD USINg DIFFERENT FLUORESCENCE-EXPRESSING RePORTeR MOUSe STRAINS Our imaging platform is an adaptation of a stock Nikon Ti-e Inverted Microscope coupled with an A1R confocal head with a high-resolution galvano scanner and high-sensitive photomultiplier tubes (PMTs), that allows for imaging resolution up to 4096 x 4096 pixels. By combining the scanner and the motorized Piezo Z stage, high-speed 3D scanning can be achieved for live imaging. Using the spectral imaging detector, up to 32 channels can be acquired simultaneously and fluorofores with very similar spectral fluorescence emission (i.e., eYFg and egFP) can be adequately separated. Using a custom made acrylic stage, anesthetized mice can be positioned in the microscope imaging field after liver surgical approach, owing to intravital imaging acquisition (Fig. 2) .
To image liver phagocyte spatial location, we used three mouse strains that express fluorescent proteins under control of target genes that are expressed by these cells under different conditions (Fig. 3a) . Also, to geographically locate these cells within the liver tissue, we stained the sinusoidal endothelial cells with an intravenous injection of BV421-conjugated anti-CD31 (anti-PeCAM-1; BD Biosciences) (Fig. 3b) . This same strategy was used throughout all imaging protocols. Using a mouse strain that express red fluorescent protein under control of the chemokine-receptor CCR2 (CCR2 rfp/ wt , here shown in white for illustration purpose), we observed that the liver has a vast population of CCR2+ cells that distributed throughout the whole imaging field, and are located in both intravascular and extravascular compartments. Some of these cells have a round shape and this subpopulation was seen mostly inside the sinusoidal lumen, suggesting that they may comprise a population of infiltrating CCR2+ monocytes and neutrophils. However, some of star-shaped CCR2+ cells were observed in the extravascular space, mainly underneath the liver mesothelium layer (subcapsular space), which suggests a population of CCR2-expressing dendritic cells (Fig. 3a and b) . In fact, a very similar landscape was imaged when we used a mouse strain that express the enhanced-yellow fluorescent protein (e-YFP; here shown in red for illustration purpose) under control of the b2-integrin CD11c (also known as integrin alpha X, complement component 3 receptor 4 subunit or ITGAX). In this case, the YFP was placed under the transcriptional control of the CD11c promoter without knocking out its expression. In these mice, we could also detect a large population of subcapsular CD11c+ cells, but also an intravascular population of sessile star-shaped cells, suggesting that the extravascular cells may be a population of liver dendritic cells, while the intraluminal cells are a subpopulation of CD11c-expressing Kupffer cells. However, when we used a mouse strain expressing greenfluorescent protein (gFP) under control of the fracktalkine receptor CX3CR1 (CX3CR1 gfp/wt , also known as g-protein coupled receptor 13, gPR13), we revealed an exclusively dendriticshaped extravascular cell population, that was not seen inside the sinusoidal lumen. These cells were previously identifi ed of a population of liver dendritic cells (David et al, 2016) . eventual round CX3CR1+ cells were seen patrolling the vessels, which we considered as circulating monocytes. Our previous data using single-fluorescence expressing mouse strains revealed that some hepatic immune cell subpopulations that report diff erent molecules are very similar in shape, distribution and location. This suggests that a single phagocyte population can express simultaneously several markers. To dissect these diff erent populations, we generated a novel mouse strain that spontaneously reports the expression of CD11c, CX3CR1 and CCR2 under baseline conditions. To achieve this phenotype, as described in details methods, we bred a CCR2 knockout mouse that had both CCR2 alleles replaced by an RFP gene sequence To confirm that our breeding strategy was successful, we isolated liver non-parenchymal cells and investigated subpopulations using flow cytometry. Custom made filters were used to allow the detection and efficient separation of these three fluorescent proteins. As shown in Fig. 5a and b, CX3CR1 gfp/wt CCR2 rfp/wt CD11c-eYFP mouse had all these 3 subpopulations within liver nonparenchymal cells. In line with our intravital data, flow cytometry confirmed that liver has a mixed population that might have none of these receptors, but may express one or two simultaneous reporters, revealing the complexities of hepatic immune cell populations and the diverse expression of different cell markers.
SPeCTRAl IN VIVO SePARATION OF FlUOReSCeNCe CONFIRMS THe PReSeNCe AND SPATIAl DISTRIBUTION OF MUlTI-FLUORESCENCE EXPRESSING POPULATIONS
Cell isolation from organs to further flow cytometry studies is a widely used methodology to characterize cell populations with different organs in high-dimensional way, and this has enormously enhanced our understanding of the immune response under different circumstances in homeostasis ) bred with mice expressing e-YFP under control of CD11c. Then, were reached a 100% progeny of heterozygous mice for the three receptors (CX3CR1, CCR2 and CD11c) and triple fluorescence (GFP, RFP and YFP, respectively). and disease. However, in order to specifically illuminate a single cell in the flow chamber inside the cytometer, cells need to be removed out of their in vivo context and prepared in a diluted solution. Therefore, despite the advantages of multiple staining with different antibodies, cell separation procedures have a digestion step that dissolves the organ, losing geographical location and possibly also altering cell shape and morphology. For superseding these limitations, we imaged all these liver phagocytes using a spectral detector coupled in a confocal microscope that allowed the identification of all fluorescence-expressing cells in CX3CR1
CD11c-eYFP mouse in their native habitat. As shown in Fig. 6a , our spectral separation efficiently separated all 3 different populations, depicted here in white (CCR2+ cells), red (CD11c+ cells) and green (CX3CR1+ cells). Strikingly, when we merged channels, we could detect that some CD11c+ cells are also CX3CR1+ (shown as yellowish cells) (Fig. 6b) . Using the hepatic microvasculature as a spatial reference (stained in blue by anti-PeCAM-1), we precisely compartmentalized several populations that were or intravascularly located (mainly a population of CD11c+CCR2+ cells) or a large population that inhabited the subcapsular environment (mostly CX3CR1+CD11c+ or triple positive cells) (Fig. 6b) . Taking together, these data revealed how complex and diverse is the liver population of immune cells using a combination of an ex and in vivo approach.
INTRAVASCUlAR ROUND CCR2+ AND CCR2+CX3CR1+ CELLS RAPIDLY CRAWL AFTER LOCAL INJURY, WHILE EXTRAVASCULAR CELLS ReMAINeD SeSSIle
We next sought to investigate the dynamics of these phagocyte populations under liver injury. For this, we generated a delicate small thermal injury in the liver surface of an anesthetized CX3CR1 damaged area, we stained dead cells with DAPI, a fluorescent probe that binds strongly to A-T rich regions in DNA of dead cells. In addition, we taken advantage of a motorized XY stage to simultaneously image three distinct liver regions: the lesion site, the adjacent region close to necrosis and a distant area that was not injured by the thermal probe. To enhance velocity acquisition and capture very fast cell movements, in this setup we imaged as green cells a mixed population of CD11c+ and/or CX3CR1+ cells. As seen in the Fig.  7 and Supplementary Material (Movies 1-3), our injury procedure generated a circular necrotic area that was restricted to a small field of view (~500mm of diameter). At this site, blue cells are mainly necrotic hepatocytes that incorporated circulating DAPI. Also, while extravascular cells remained sessile throughout the whole imaging protocol, we could observe in all imaged fields a fast and random crawling behavior of CCR2+ cells. These cells also adhered and elongated within the liver sinusoidal lumen, and some even migrated to lesion site. Of note, we imaged an infiltrating and rapidly moving population of green, red or yellowish cells, which we suggest that might comprise a mixed population of monocytes and neutrophils. To dissect which of these cells were neutrophils, we counter stained in vivo CX3CR1
gfp/wt CCR2 rfp/wt CD11c-eYFP mouse with an intravenous injection of allophycocyanineconjugated anti-ly6g (lymphocyte antigen 6 complex locus G6D), a molecule that is specifically expressed in granulocytes. Despite we could not acquire high quality images as those from our triple fluorescence-reporter mouse, in our images we observed a ly6g single positive cell population, corresponding to neutrophils (Fig. 8) . It was possible to merge channels in order to fi nd the best combination of markers and diff erentiate the cell populations. The analysis showed that there were not double-positive cells for ly6g and CCR2 (Fig.  9 ). Neutrophils were mostly found close to the injury site, and were also fast moving cells. In a broad fi eld of view, regardless the imaging fi eld chosen, the majority of CCR2+ cells were found patrolling the liver microvasculature, suggesting that the even in non-injured sites, these cells may have a surveillance behavior in the hepatic microenvironment.
DISCUSSION
The advent of novel technologies that allow the identifi cation of particular leukocyte phenotypes and even their complete RNA program in a single cell level have tremendously expanded our knowledge not only in the sharp diff erences between populations that were previously considered as "homogenous", but also have challenged several of our solid concepts in immunology and cell biology (Mass et al. 2016) . Now, cells can be identifi ed and classifi ed by the simultaneous presence/absence up to 40 markers using mass cytometry (CyTOF), and can be recovered to further studies using more than 20 fl uorescent markers by fl ow cytometry-based cell sorting (David et al. 2017 , Becher et al. 2014 , Amir el et al. 2013 . The data raised from these studies revealed that the immune system ontogenesis and diversity is far more elaborated than we ever thought. However, despite their unquestionable relevance, in all aforementioned techniques cells need to be extracted out of their native habitat to be analyzed. Therefore, it is expected that this will Figure 7 -Dynamics of phagocytic populations under liver injury. Assessing migration dynamics of CX3CR1+ (green) and CCR2+ (red) to three diff erent areas simultaneously using the multi-point imaging feature of Nikon A1R (necrotic zones, areas around necrosis and areas distant from necrosis) by intravital microscopy. A focal thermal necrosis was induced using a hot needle adapted to a cauterizer unit. The hot needle touched the liver surface and resulted on a punctual necrosis, which is delimited with topic DAPI staining (in blue). Scale bars = 35 µm. eventually generate caveats that can be relevant in the context of the spatial relationship between these cells in vivo, and their actual expression of these markers and even morphology in the preisolation condition. In this paper, we aimed to add to these eff orts generating a novel mouse strain that spontaneously express in vivo three fluorescent molecules that have been repeatedly used in the most part of these high-fi delity studies. Then, some blocking steps, anti-body staining protocols and specially cell isolation procedures are not always necessarily needed, which we expect that facilitate and improve data acquisition.
The choice of the fluorescent molecules to design our breeding strategy to generate this mouse strain was based on two different, but complementary high relevant research lines: immune cell ontogenesis and in vivo behavior leukocyte. CX3CR1 is the receptor for the chemokine CX3CL1, also named fracktalkine. Diff erent to other soluble chemokines, CX3CL1 also exist in a membrane-anchored isoform (Poniatowski et al. 2017) . In addition to its classical function as a chemoattractant, CX3CR1 has been described in activated endothelial cells, dendritic cells and neurons under homeostasis and disease (red) to necrotic zones, areas around necrosis and areas distant from necrosis using intravital microscopy. Imaging throughout three sequential hours. A hot needle, adapted to a cauterizer unit, induced liver injury. The needle was put on the liver surface and generated a punctual necrosis, which is delimited by the dotted line. Scale bars = 35 µm.
which reinforce CX3CR1 participation in early states of cell ontogenesis up to adulthood (ginhoux and Jung 2014). Unfortunately, anti-body based staining of CX3CR1-expressing cells is still under debate in the literature due its low affinity and reliability, making a CX3CR1-reporter mouse strain instrumental to these studies. Still focusing on the expression of immunerelated molecules, the integrin CD11c is constantly present in different leukocytes, and its absence also helps to distinguish diff erent cell population and activation status. CD11c is a surface adhesion molecule that is usually found together with its β-chain CD18 (CD11c/CD18). This complex is the receptor for the complement component iC3b and fi brinogen, and it is also involved in cell adhesion to endothelium. Initially, CD11c was thought to be a specifi c marker for DCs, which was redefi ned later in studies showing that CD11c is broadly expressed in several myeloid cells (including macrophages), lymphocytes, natural killer cells and others (lindquist et al. 2004 (lindquist et al. , David et al. 2016 (lindquist et al. , 2017 . We have recently shown using a combination of highdimensional cell immunophenotying (CyTOF), gene analysis and confocal intravital microscopy that the liver has at least two populations of Kupff er cells that distinctly express CD11c even when they are very similar in shape and are seeded in the same organ compartment (adhered to the sinusoidal lumen). However, a diff erent population of CD11c+ cells was observed in the extravascular space (subcapsular) and is sharply diff erent from the intrasinusoidal Kupff er cells, being bigger in size than Kupff er cells and richer in long dendrites. In these studies, we described these cells as a large population of CD11c+CX3CR1+ expressing DCs (David et al. 2016 (David et al. , 2017 . Therefore, either presence or absence of CD11c can be used to distinguish cell populations, and the opportunity to investigate simultaneously its co-expression with other chemokine receptors, including CCR5, CCR2, and surface molecules including (i.e. CD45 + (red) to necrotic zones, areas around necrosis and areas distant from necrosis using intravital microscopy. Imaging protocol was made throughout three sequential hours. A focal necrosis was induced using a hot needle adapted to a cauterizer unit. The hot needle touched liver surface and generated a punctual necrosis, which is delimited by the dotted line. Neutrophils correspond to l6yg + CCR2 + cells. Scale bars = 35 µm. (Zhou et al. 2016 , Zabel et al. 2016 . Its high and constant expression in early hematopoietic lineages has fostered landmark studies that have unraveled the origin of both resident macrophages and dendritic cells. In fact, myeloid cells expressing the hematopoietic marker CD45 and the adult macrophage/microglia markers CD11b, F4/80, and CX3CR1 were detectable in the developing brain starting from the embryonic day e9.5 in mice, and F4/80) can add substantially in broad-spectrum immunophenotyping studies in vivo and in vitro.
Still, there has been a particular high interest in investigating the role for CCR2 in leukocyte activation and migration in both homeostasis and diseases. The most studied ligand for CCR2 is the monocyte chemoattractant protein-1 (MCP-1, also known as CCl2). There are two spliced forms of CCR2 that are able to activate different signaling pathways (CCR2A and CCR2B), being CCR2B the mainly isoform expressed by immune cells (~90%) (Bartoli et al. 2001) . CCR2 is constitutively expressed in the cell membrane of leukocytes including neutrophils, T cells and monocytes. Of note, CCR2 activation plays a key role in maturation of DCs in different organs (Jimenez et al. 2010 ). However, under inflammatory conditions, CCR2 mRNA can be upregulated especially due to the release of other chemokines and cytokines, including IL-2, CCL5 and CXCL2, also by non-directly immune-related molecules, including low-density lipoprotein (lDl) (Wiesner et al. 2010) . Resident monocytes that traffic into peripheral tissues under homeostatic conditions naturally express low levels of CCR2, but during inflammatory conditions, CCR2 hi monocytes instantaneously respond to tissue damage and inflammation. High expression of CCR2, therefore, may be a sign of inflammation, guiding this subset of CCR2+ ly6c hi monocytes to injured organs. Conversely, ly6c lo resident monocytes express high levels of CXC3CR1, but not CCR2, making the opportunity to access their simultaneous expression in our novel mouse strain extremely helpful (Mizutani et al. 2012) .
CONCLUSIONS
In summary, the novel mouse strain that we generated (CX3CR1 gfp/wt CCR2 rfp/wt CD11c-eYFP) is strategically useful to several studies in immunobiology and other related areas that aim to understand different disease pathogenesis.
Indeed, we believe that the opportunity to visualize cells naturally expressing these molecules would essentially add in our understanding of the cell biology under a more untouched condition: their inherent behaviour, their shape, their relationship with other cells and their geographical location in vivo.
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